Introduction
Periodontitis is a chronic inflammatory disease caused by periodontopathic bacteria and viruses. It affects the periodontal tissues, and when advanced can result in tissue destruction, occasional pain, alveolar bone resorption, and eventual tooth loss (1) (2) (3) . The response to periodontal pathogens is determined by the nature and control of both adaptive and innate immune responses (4) . Cytokines are central regulators of the immune responses that are produced by various cell types including fibroblasts, epithelial cells, macrophages, dendritic cells and T-helper cells in response to microbial contact (5) . Inflammatory cytokines are regulated by activation of nuclear factor-kappa-light-chain-enhancer in activated B cells (NF-κB), interferon-regulatory factor transcription factors, and mitogen-activated protein kinases (MAPKs) (6, 7) . The NF-κB family is composed of five protein members; RelA (p65), RelB, c-Rel, NFκB1 (p105/p50), and NFκB2 ((p100/p52), which are synthesized as large precursors. NF-κB exists as a heterodimer consisting of p65 and p50 subunits that are associated with inhibitor of kappa-B (IκB) in the cytoplasm as an inactive form. IκB kinase (IKK) induces phosphorylation of IκB, and the phosphorylated IκB activates NF-κB to regulate the transcription of a variety of target genes, including interleukin-1β (IL-1β) and . The IKK complex consists of three subunits each encoded by a separate gene: IKKα (also known as conserved helix-loop-helix ubiquitous kinase (CHUK)), IKKβ (also known as inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta (IKBKB)), and IKKγ (also known (11) . MAPKs include the p38, extracellular signal-regulated kinases (ERKs) and c-Jun N-terminal kinase (JNK) subfamilies, which control various cellular processes such as apoptosis, cell proliferation, differentiation, survival, inflammation and innate immunity (7) . Activation of MAPKs is negatively regulated by MAPK phosphatases (MKPs; also known as dual specificity phosphatases (DUSPs)). MKPs regulate the inflammatory response and are involved in the development of certain cancer types. There are 11 MKPs, which are divided into three distinct groups. The first group are the nuclear phosphatases, MKP-1/DUSP1, PAC-1/DUSP2, MKP-2/DUSP4 and DUSP5. The second group are the ERK-specific cytosolic phosphatases, MKP-3/DUSP6, MKP-X/DUSP7, and MKP-4/DUSP9. And the third group are the p38 MAPK/JUNK specific nuclear and cytosolic phosphatases, DUSP8, MKP-5/DUSP10, and MKP-7/DUSP16 (7, 12, 13) . MicroRNAs (miRNAs) are short, non-coding RNA molecules. They function as post-transcriptional regulators that bind to the 3'-untranslated regions (3'-UTRs) of target mRNAs, thereby inducing gene silencing. miRNAs play important roles in biological processes such as development, differentiation, cell proliferation and apoptosis. Several studies have demonstrated that a range of miRNAs are closely associated with inflammatory responses (14) (15) (16) . We have previously reported that the three most overexpressed miRNAs in inflamed gingiva from Japanese patients with chronic periodontitis (CP) were hsa-miR-150, hsa-miR-223 and hsa-miR-200b, and that IL-1β and tumor necrosis factor-α (TNF-α) induced the expression of hsa-miR-150 in human gingival fibroblasts (HGF) (17) . To clarify the mechanism whereby miRNA regulates the expression of inflammatory cytokines, we overexpressed hsa-miR-223 in HGF and examined the association between hsa-miR-223 and inflammatory cytokines.
Materials and Methods

Reagents
Dulbecco's modified Eagle medium (DMEM), ISOGEN II, and recombinant human IL-1β were obtained from Wako (Tokyo, Japan). Recombinant human TNF-α was purchased from R&D Systems (Minneapolis, MN, USA). Fetal calf serum (FCS), Lipofectamine 2000, penicillin and streptomycin, and TrypLE Express were purchased from Invitrogen (Carlsbad, CA, USA). The PrimeScript RT reagent kit and SYBR Premix Ex Taq II were obtained from Takara (Tokyo, Japan). The miRNeasy Mini Kit was from Qiagen (Valencia, CA, USA). The Mir-X miRNA First-Strand Synthesis Kit and SYBR Advantage qPCR Premix were purchased from Clontech (Mountain View, CA, USA). An expression plasmid for miRNA (pEZX-MR04) was obtained from GeneCopoeia (Rockville, MD, USA). miRCURY LNA inhibitor and miRCURY LNA inhibitor control were purchased from Exiqon (Woburn, MA, USA). Anti-rabbit IgG (whole molecule)-horseradish peroxidase antibody goat serum was from Sigma-Aldrich Japan (Tokyo, Japan). ELC plus Western Blotting Detection Reagent was purchased from GE Healthcare UK Ltd. (Buckinghamshire, UK).
Cell culture HGF were cultured in 5% CO 2 and 95% air at 37°C in DMEM medium containing 10% FCS as described previously (17) (18) (19) . The Ethics Committee of Nihon University School of Dentistry at Matsudo approved the study (EC03-041, EC10-040, EC14-023), and a consent form was obtained from each patient after all the protocol had been explained. The cells were grown to confluence in 100-mm cell culture dishes. Twenty-four hours after plating, cells at 50-70% confluence were transfected with the control plasmid (pEZX-MR04; 3 μg), miRExpress precursor miRNA expression plasmid for miR-223 (3 μg), miRCURY LNA Inhibitor Control (10 nM) or miRCURY LNA Inhibitor for miR-223 (10 nM) using Lipofectamine 2000, then cultured for 12 h in DMEM without FCS, and stimulated with IL-1β (1 ng/mL) and TNF-α (10 ng/mL). Total RNA was purified from triplicate cultures after stimulation for 24 h.
Real-time polymerase chain reaction (PCR)
Total RNA (1 μg) was used as a template for cDNA synthesis. cDNA was prepared using the PrimeScript RT reagent kit. Quantitative real-time PCR was performed using the following primer sets: IL-1β forward; 5'-CCAGGGACAGGTATGGAGCA-3', IL-1β reverse; 5'-TTCAACACGCAGGACAGGTACAG-3', IL-6 forward; 5'-AAGCCAGAGCTGTGCAGATGAGTA-3', IL-6 reverse; 5'-TGTCCTGCAGCCACTGGTTC-3', IKKα forward; 5'-TGCCTTGGCCATTTAAGCACTA-3' IKKα reverse; 5'-GGGACAGTGAACAAGTGACAACTC-3', MKP-5 forward; 5'-AGCGGCTGAACATCGGCTA-3', MKP-5 reverse; 5'-AGCCTGGCAGTGGATGAGAA-3', GAPDH forward; 5'-GCACCGTCAAGGCTGAGAAC-3', GAPDH reverse; 5'-ATGGTGGTGAAGACGC-CAGT-3', using the SYBR Premix Ex Taq II in a TP800 thermal cycler dice real-time system (Takara, Tokyo, Japan). The PCR reactions were performed in a total volume of 25 µL 2 × SYBR Premix Ex Taq II (12.5 μL), 10 μM forward and reverse primers and 50 ng cDNA for IL-1β and IL-6 and 10 ng cDNA for GAPDH. For miRNA analysis, cDNA was synthesized using the Mir-X miRNA First-Strand Synthesis kit. Quantitative real-time PCR was performed using SYBR Advantage qPCR Premix and the following primer sets: hsa-mir-223 forward primer; 5'-TGTCAGTTTGTCAAATACCCCA-3', mRQ 3' reverse primer, U6 forward primer and U6 reverse primer. The PCR reactions were run in 25 μL of the reaction mixture containing 2 × SYBR Advantage qPCR Premix (12.5 μL), 10 μM forward and reverse primers (final concentration, 0.2 μM), and 25 ng (2.0 μL) cDNA. To reduce variability between replicates, PCR premixes containing all reagents except for cDNA were prepared and aliquoted into 0.2 mL PCR tubes. The thermal cycling conditions were 10 s at 95°C, and 40 cycles of 5 s at 95°C and 30 s at 60°C. The expressions of IL-1β, IL-6, IKKα and MKP-5 relative to GAPDH, and miR-223 relative to U6 were determined in triplicate.
Western blotting
Protein samples from HGF were separated in 10% SDS-PAGE and transferred onto Hybond-P membranes. The membranes were incubated for 2 h with anti-IKKα (Y463; Abcam, Cambridge, UK), anti-phospho-p38 MAPK (#9211; Cell Signaling, Technology Inc., Beverly, MA, USA), anti-Cdk2 (sc-163; Santa Cruz, Paso Robles, CA, USA) and anti-α tubulin (sc-5286; Santa Cruz) antibodies. Anti-rabbit or anti-mouse IgG conjugated with horseradish peroxidase was used as the second antibody. Immunoreactivities were determined using ELC plus Western Blotting Detection Reagent.
Cytokine measurements
IL-1β and IL-6 in the culture supernatants were measured using human enzyme-linked immunosorbent assay (ELISA) kits (Diaclone, Besançon Cedex, France) in accordance with the manufacturer's protocols.
Statistical analysis
Triplicate samples were analyzed for each experiment. The significance of differences between control and miR-223 and inflammatory cytokine treatments was analyzed using one-way ANOVA.
Results
Inflammatory cytokines induce miR-223 expression in HGF
We have previously reported that miR-223 expression is significantly upregulated in inflamed gingiva in comparison with non-inflamed gingiva (17) . To determine whether inflammatory cytokines can induce miR-223 expression in HGF, we stimulated HGF with IL-1β (1 ng/ mL), IL-6 (1 ng/mL), and TNF-α (10 ng/mL) for 24 h and confirmed that miR-223 expression was induced by these cytokines (Fig. 1) .
Regulation of L-1β and IL-6 mRNA levels by miR-223
To determine the effects of miR-223 on the expression of inflammatory cytokines (L-1β and IL-6), HGF were transfected with the miR-223 expression plasmid or control plasmid and stimulated with IL-1β (1 ng/mL) or TNF-α (10 ng/mL). IL-1β and TNF-α induced the expression of IL-1β and IL-6 mRNA in HGF, and this was further increased by overexpression of miR-223. Also, the levels of IL-1β and IL-6 mRNA were increased by miR-223 overexpression in the absence of stimulation with IL-1β or TNF-α ( Fig. 2A, B) .
Effects of miR-223 inhibitor on IL-1β and IL-6 mRNA levels
Next we stimulated HGF with IL-1β (1 ng/mL) or TNF-α (10 ng/mL) and transfected the cells with miR-223 inhibitor or a negative inhibitor control (miRCURY LNA Inhibitor Control; 10 nM). IL-1β increased the expression of both IL-1β and IL-6 mRNA in HGF, and the mRNA levels were significantly decreased by miR-223 inhibitor. Fig. 2 Effects of miR-223 on levels of mRNA for inflammatory cytokines in HGF. The expression of IL-1β (A) and IL-6 (B) mRNAs in HGF was measured by real-time PCR. Cells transfected with the miR-223 expression plasmid or a control plasmid were treated with IL-1β (1 ng/mL) or TNF-α (10 ng/mL) for 24 h. Quantitative analyses of the data sets are shown with standard errors. Significant differences from control. *P < 0.05, **P < 0.01. Fig. 3 Effects of miR-223 inhibitor on levels of IL-1β and IL-6 mRNA. The expression of mRNAs for IL-1β (A) and IL-6 (B) in HGF was measured by real-time PCR. Cells were transfected with the miR-223 inhibitor (10 nM) or control, and then treated with IL-1β (1 ng/mL) or TNF-α (10 ng/mL) for 24 h. Quantitative analyses of the data sets are shown with standard errors. Significant differences from control. *P < 0.05, **P < 0.01. Also, TNF-α induced the expression of both IL-1β and IL-6 mRNA, and the mRNA levels were significantly decreased by miR-223 inhibitor (Fig. 3A, B) .
Regulation of L-1β and IL-6 protein levels by miR-223
To determine the effects of miR-223 on expression of IL-1β and IL-6 proteins, HGF were stimulated with IL-1β (1 ng/mL) or TNF-α (10 ng/mL), and transfected with the miR-223 expression plasmid or control plasmid. IL-1β induced the expressions of IL-1β and IL-6 proteins, and the expressions were further increased by overexpression of miR-223 (Fig. 4A, B) . TNF-α induced the expressions of IL-1β and IL-6 proteins, but miR-223 overexpression caused no further increase in these expressions (Fig. 4A,  B) .
Identification of miR-223 targets associated with cytokine production
To clarify how miR-223 regulates the production of inflammatory cytokines, we used miRanda and TargetScanHuman (6.2) to predict the target genes of miR-223. We found two targets associated with inflammation: IKKα, a subunit of IKK that plays a crucial role in the non-canonical NF-κB signaling pathway, and MKP-5/DUSP10, a member of the MKPs, which control p38 MAPK phosphorylation. The IKKα 3'-UTR contains a putative miR-223 seed sequence and the Fig. 4 Regulation of IL-1β and IL-6 protein levels by miR-223. Cells were transfected with the miR-223 expression plasmid or a control plasmid. IL-1β (A) and IL-6 (B) production was measured by ELISA after stimulation with IL-1β (1 ng/mL) or TNF-α (10 ng/mL) Significant differences from control. *P < 0.05, **P < 0.01. To confirm the contribution of miR-223 to IKKα and MKP-5 mRNA levels, HGF were stimulated with IL-1β (1 ng/mL) or TNF-α (10 ng/mL) and transfected with the miR-223 expression plasmid or control plasmid. IL-1β did not change the level of IKKα mRNA, whereas TNF-α suppressed it significantly relative to the control. When we transfected the HGF with the miR-223 expression plasmid, the level of IKKα mRNA did not change (Fig.  5A) . IL-1β and TNF-α induced the expression of MKP-5 mRNA, and the mRNA levels were decreased by overexpression of miR-223 (Fig. 5B) . miRNAs down-regulate the expression of target genes by either of two posttranscriptional mechanisms: mRNA destabilization and translational inhibition. It has been shown that miRNAs can repress gene expression without decreasing the levels of mRNA. The results of Western blotting suggested that miR-223 altered the level of IKKα by translational repression rather than by mRNA destabilization. The levels of IKKα protein in HGF were decreased by IL-1β and TNF-α, and further decreased by overexpression of miR-223 (Fig. 6A) . In addition, we investigated whether miR-223 might regulate p38 MAPK phosphorylation via inhibition of MKP-5 production. It was found that miR-223 increased p38 MAPK phosphorylation relative to the control in response to stimulation with IL-1β or TNF-α (Fig. 6B) . 
Discussion
In this study, we have shown that miR-223 up-regulated the levels of mRNA for inflammatory cytokines (IL-1β and IL-6) in HGF treated with IL-1β and TNF-α, and that overexpression of miR-223 suppressed the expression of MKP-5 mRNA and IKKα protein (Fig. 5B, 6A ). miR-223 was the first of the cadre of miRNAs discovered to be highly expressed in bone marrow myeloid cells. Expression of miR-223 is regulated by two transcription factors: CCAAT enhancer-binding protein α (C/ EBP)-α and nuclear factor I-A (NFI-A). C/EBP-α binds to the miR-223 gene promoter and activates miR-223 transcription, whereas NFI-A inhibits its expression and miR-223 also targets NFI-A (20) . miR-223 plays important roles in carcinogenesis, the inflammatory response, osteoclast formation and regulation of bone remodeling (21, 22) . In the inflammatory response, miR-223 acts as an inflammatory miRNA by regulating the production of inflammatory cytokines. Recent studies have shown that miR-223 suppresses the production of nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) and regulates IL-6 and IL-1β production by targeting STAT3 (23, 24) . Additionally, it has been shown that miR-223 decreases the non-canonical NF-κB signaling pathway by regulating the expression of IKKα (25) . NF-κB signaling involves two pathways: the canonical pathway and the non-canonical pathway. In the canonical pathway, the heterodimeric NF-κB subunits p65 and p50 exist in the cytoplasm as forms that are inactive with IκB. This pathway is activated by cytokines such as IL-1β, TNF-α and bacterial products, and IKK phosphorylates IκB and leads to the activation of NF-κB. Conversely, in the non-canonical pathway, the RelB/p52 NF-κB complex is activated by NF-κB inducing kinase (NIK) and phosphorylated by IKKα. IKKα suppresses the canonical NF-κB activity by accelerating the turnover of RelA and c-Rel or by preventing the hyperactivation of IKKβ by inflammation. In addition, IKKα induces the expression of p52 followed by repression of the NF-κB signaling pathway (26, 27) .
Furthermore, computational prediction via miRanda revealed that the putative targets of miR-223 are MKP-5/ DUSP10 and IKKα. A recent study has shown that MKP-5 negatively regulates p38 MAPK phosphorylation and reduces the production of inflammatory cytokines in macrophages (28) . Canonical NF-κB activation impairs the skeletal muscle oxidative phenotype by reducing the expression of IKKα (29) . In the present study, the level of MKP-5 mRNA was supressed by miR-223 overexpression in HGF (Fig. 5B) . p38 MAPK plays an important role in the production of inflammatory cytokines, and in fact the data obtained by Western blotting (Fig. 6B) suggested that miR-223 controlled p38 MAPK phosphorylation through the destabilization of MKP-5 mRNA, thus regulating the production of IL-1β and TNF-α (Fig. 6B) . In addition, IL-1β and TNF-α decreased the expression of IKKα protein in HGF, and the level was further decreased by miR-223 overexpression (Fig. 6A) . This induction of miR-223 expression by IL-1β and TNF-α (Fig. 1) suggests that IKKα and MKP-5 might play critical roles in inflammation via innate immune responses.
IL-1β is an important inflammatory cytokine that induces the expression of various inflammatory molecules and hematopoietic cytokines such as leukemia inhibitory factor (LIF) and IL-6. IL-1β initiates a signaling cascade that culminates in activation of NF-κB and JNK (30) . IL-6 is also known to play central roles in the pathogenesis of rheumatoid arthritis and periodontitis. Fibroblasts constitutively express a low level of IL-6. Furthermore, IL-1 and TNF-α synergistically enhance the production of IL-6 by fibroblasts (31) (32) (33) . IL-1β and TNF-α induce NF-κB expression, and then NF-κB subsequently controls the expression of IL-1β, IL-6 and TNF-α (34) (35) (36) . We found that IL-1β increased the expression of IL-1β and IL-6 protein, and that this was further increased upon overexpression of miR-223 (Fig. 4A, B) . However, the expression of IL-1β and IL-6 protein induced by TNF-α was unchanged by miR-223 (Fig. 4A, B) . Further studies will be necessary to clarify the reasons for these discrepancies.
In the present study, we have shown that, in HGF, miR-223 increased the levels of IL-1β and IL-6 mRNA induced by treatment with IL-1β and TNF-α, and that these mRNAs were down-regulated by miR-223 inhibitor. We also found that miR-223 increased the phosphorylation of p38 MAPK and suppressed the level of IKKα protein in HGF, whereas miR-223 did not decrease the level of IKKα mRNA. These results suggest that miR-223 may regulate the process of IKKα translation rather than mRNA degradation. Taken together, our data indicate that miR-223 regulates the production of inflammatory cytokines through IKKα and MKP-5 in periodontal tissue.
